Finally, we inactivated HP0379 in strain 3a. The transformant had lost both Le x and Le a expression, which demonstrates that the HP0379 gene product is both an ␣3-and an ␣4-FucT. Our data provide understanding at the molecular level of how H. pylori is able to diversify in the host, a requirement likely essential for successful colonization and transmission.
The human gastric pathogen Helicobacter pylori displays molecular mimicry with the gastric epithelial cells of the human host (3). Often, H. pylori lipopolysaccharide (LPS) expresses both Lewis x (Le x ) (see Fig. 1 ) and Le y human blood group antigens, but strains expressing sialyl-Le x , H type I, Le a , Le b , and the nonfucosylated polylactosamine chain (i-antigen) have been described (16, 17) ; strains expressing H type 2 have not been found yet. For biosynthesis of Le x/y antigens, the activity of a variety of glycosyltransferases is required: ␣2-and ␣3-fucosyltransferases (␣2-and ␣3-FucT), ␤4-galactosyltransferases (␤4-GalT) and ␤3-N-acetylglucosaminyltransferases (␤3-GlcNAcT). Two ␣3-fucT genes, homologues of HP0379 and HP0651 of H. pylori strain 26695, have been identified (13, 15) . The products of these genes have different fine specificities (5) . For this reason, the homologues of HP0379 and HP0651 are designated futA and futB, respectively; ␣2-fucT (the homologue of gene HP093-HP094 in strain 26695) is designated futC (21, 22) . A ␤4-galT gene has recently been identified in H. pylori (the homologue of HP0826 in strain 26695 [14] ). It is unknown which gene codes for ␤3-GalT and ␤3-GlcNAcT. In vitro, the recombinant futC gene product is able to form H type I from a synthetic Gal␤1.3GlcNAc acceptor (22) , but formal proof of the involvement of this gene in biosynthesis of H type I in H. pylori LPS is lacking.
A striking feature of H. pylori Lewis antigens is their ability to phase vary (4, 5) . Phase variation is defined as the highfrequency, reversible switching of phenotype. For instance, a strain expressing Le x may yield phase variants expressing Le y or the i-antigen. Phase variation in other bacteria like Haemophilus influenzae and Neisseria spp. has been shown to contribute to bacterial virulence and host adaptation (13) . We have shown that populations of H. pylori LPS phase variants can be isolated from the human stomach, which provides evidence that LPS phase variation contributes to strain diversity in the human host (6) . The molecular mechanism of phase variation in Le x/y has been investigated recently (5) . Long homopolymeric C tracts present in the open reading frames of futA, futB, and futC may change length during replication due to DNA slippage ("slipped-strand mispairing"). The result is a reversible (translational) frame switch that leads to either a full-length active gene product (fucosyltransferase enzyme) or an inactive truncated form.
Phase variation in H type I or Le a has not been documented yet. In this paper, we show that the H type I and Le a epitopes are also phase variable, and we identify a hitherto unrecognized gene (␤3-galT) required for biosynthesis of these epitopes. We also demonstrate that phase variation in this gene is due to length changes in a C tract. We also show that the futA gene product is capable of acting as an ␣4-FucT, which is required for Le a biosynthesis, and that the futC gene product is essential for biosynthesis of H type I.
MATERIALS AND METHODS
Bacterial strains and LPSs. Strains NCTC 11637, G27, and phase variant 3a have been described before (4, 8, 11) . The LPSs of strains J223 (expresses H type I [16] ) and UA948 (expresses Le a [16] ) were purified as described previously (16) .
MAbs, synthetic glycoconjugates, and serological procedures. The monoclonal antibodies (MAbs) used in this study and their specificities are shown in Table 1 . Determination of the epitope fine specificity of MAbs 4D2 and 218/2B3 was done by enzyme-linked immunosorbent assay (ELISA) by testing their reactivity with synthetic glycoconjugates as described before (2) ( Table 2 ). Two types of conjugates were used, linked to polyacrylamide (PAA; Syntesome, Moscow, Russia) or linked to protein, i.e., either human serum albumin (HSA), bovine serum albumin, or keyhole limpet hemocyanin (KLH) (all three prepared at Isosep, Tullinge, Sweden). LPS phase variants were isolated by colony blot and serotyped by ELISA as previously described (4). The frequency of phase variation is defined as the percentage of colonies expressing a given variant serotype (4).
Insertional mutagenesis of glycosyltransferase genes. Plasmids for inactivation of glycosyltransferase genes were constructed as follows. A DNA fragment containing futA (the homologue of HP0379 of strain 26695) was amplified from H. pylori 26695 genomic DNA by PCR with primers SM119704 (TTCTAAAGT GGATCCTGAAAT) and SM119706 (GAGTGGGCGAAAGAGAGATTG), positioned approximately 1 kb from the 5Ј and 3Ј ends of HP0379, respectively. The construction of plasmid pHP0379::Km r , carrying the futA gene interrupted with a kanamycin cassette, has been described before (5, 15) . This plasmid was used to inactivate futA in strain 3a by natural transformation.
A plasmid for inactivation of futC (the homologue of HP093-HP094 of strain 26695) was constructed as follows. A DNA fragment containing futC was amplified with primers FT␣1-2F (TCTAATACGCCTGTGCTGTT) and FT␣1-2R (CCAATACGCCTCTTCTTCTT) and ligated into pGEM-T, cut out with SacIISpeI, and ligated into SacII-SpeI-opened plasmid pBC␣3, carrying a kanamycin cassette (9) . This plasmid was used to inactivate futC in strain NCTC 11637 by natural transformation.
A plasmid for the inactivation of ␤3-galT (the homologue of JHP563 in strain J99 and HP619 in strain 26695, respectively) was constructed as follows. Primers J563-F1 (CGGGGTACCAGCTCGTTTCAGAATCCAATGAG), J563-F2 (TC GACTGCAGCCAAAGAACTACCTGAGTCTTGC), J563-R1 (TCGACTGC AGTCTTGTTGCGTTTCTTGTGTGGG), and J563-R2 (ATTTGCGGCCGC TTAAAGGAGCGTATCGTCTGCTG), containing 5Ј restriction sites for KpnI, PstI, PstI, and NotI, respectively, were used to amplify two DNA fragments, CM1 and CM2, of the ␤3-galT gene (calculated length, 540 and 627 bp, respectively) that were cloned separately into plasmid pSK to yield pCM1 and pCM2; these were digested with KpnI-PstI and PstI-NotI, respectively. The gel-purified fragments were cloned together into linearized pSK containing compatible ends (KpnI and NotI) to yield pCM12. A PstI-restricted kanamycin cassette was cloned into the unique PstI site of pCM12. The resulting plasmid was used to mutate ␤3-galT in strains NCTC 11637 and G27; the H. pylori transformants were selected by kanamycin resistance. PCR analysis of transformants. H. pylori transformants were analyzed by PCR to confirm that the recombination had occurred at the intended location. For each of the three inactivated glycosyltransferase genes, one primer was located outside the DNA fragment cloned and the other primer was located in the kanamycin cassette. For futA in strain 3a, KO379 primer N-379 (AGCAGCCC CAATAAAGAAAT, located upstream from SM119704 in HP0378) was used in combination with KanaR-Gl (TTTAGACATCTAAATCTAGG); the calculated product length is 3,097 bp. For futC, primer N2-93/94 (GAACGCTTGCTAGA ACACTC, located upstream from FT␣1.2F in HP093-HP094) was used in combination with KanInvF (TTACCTATCACCTCAAATGG); the calculated product length is 873 bp. For ␤3-galT, primer N-619 (AAGTCAAAGGCGTTTGG ATA, located upstream from J563F-1 in JHP563) was used in combination with KanInvF; the calculated product length is 601 bp.
DNA sequencing. C-tract sequencing of ␣3-fucT genes HP0379 and HP0651 was performed as previously described (5). C-tract sequencing of JHP563 was carried out on chromosomal DNA purified by cesium chloride centrifugation and on gene fragments amplified by PCR with primers F1 and R2 (1,215 bp). The sequencing of both the PCR products containing the C tract and of genomic DNA was performed with primer CM4F (ATGCAAGCCTTAGAAGATTGCT TG); likewise, G tracts in the opposite strand were sequenced with primer CM3R (TCCTACGATATTCTTATACACTTC). Sequencing of both C and G tracts was carried out thrice: twice with template DNA from separate PCR amplifications and once with chromosomal DNA.
Structural analysis of LPS. LPSs of NCTC 11637-derived mutants in futC and ␤3-galT were methylated and subjected to fast atom bombardment-mass spectrometry (FAB-MS) as previously described (5). Characterization of H type I-negative phase variants and identification of genes involved in H type I biosynthesis. We first isolated H type I-negative variants of NCTC 11637. After probing colony blots of strain NCTC 11637 with anti-H type I MAb 4D2, H type I-negative colonies were isolated and serotyped by ELISA (Table 3) . The H type I-negative variant 3a has been described earlier (4) . Three types of variants were obtained: variant H1, which was H type I negative, i positive, and Le x/y positive (frequency of phase variation, 0.45%); variant H12, which had a strongly decreased H type I expression, was Le y negative, and was Le x positive (frequency of phase variation, 0.6%); and strain H13, which was Le y positive and Le x negative (frequency of phase variation, 0.3%). Strain 3a We first investigated whether the loss of H type I expression was reversible: H11 (H type I negative) was colony blotted with the anti-H type I MAb 4D2, and a 4D2-positive colony (named variant H111) was isolated and serotyped; the LPS serotype of H111 (frequency of phase variation, 1.1%) was identical to that of NCTC 11637 (Table 3) . Thus, strain NCTC 11637 was able to phase vary reversibly in the H type I epitope without a simultaneous loss of Le y expression. Based on the structures shown in Fig. 1 , we hypothesized that phase variation in a ␤3-galT gene would explain the reversible switch in phenotype observed: when this gene was off, no H type I can be formed, with synthesis of Le x and Le y still being possible. As yet, no ␤3-galT gene has been annotated for either strain 26695 or J99; however, several other genes with sequence homology to glycosyltransferases have been identified (1, 19) . We investigated one of these genes, JHP563 from strain J99 (the homologue of gene HP0619 in strain 26695), because it has sequence similarity to lic2b, a gene necessary for LPS biosynthesis in H. influenzae; in addition, JHP563 and HP0619 contain homopolymeric C tracts, signatures of phase variation. We inactivated the JHP563 homologue of NCTC 11637 with conventional recombinant techniques; the knockout mutant NCTC 11637 KO563 indeed lacked the H type I epitope and had an increase in Le y expression (Table 3) ; inactivation of the gene in another strain (G27) also yielded a mutant that lacked H type I (Table 3) . PCR analysis (observed product length of 600 bp versus calculated length of 600 bp) demonstrated that the mutation indeed had taken place in a homologue of JHP563. Of interest, G27 also expresses Le No ions indicative of H type 1, 6383228, were observed in this FAB-MS. These data confirmed the loss of the H type I epitope and the increased expression of Le y that were also seen in serological examinations (Table 3 ).
RESULTS AND DISCUSSION

Characterization of
Our findings demonstrate that JHP563 determines the biosynthesis of the H type I epitope and Le a and suggest that JHP563 codes for a ␤3-GalT. Evidence for a role of this gene in phase variation in the H type I epitope was obtained by sequencing this ␤3-galT in strains NCTC 11637, H11, and H111. Poly(C) tract lengths were as follows: C14 for NCTC 11637, C13 for H11, and C14 for H111. No other differences in DNA sequence of ␤3-galT in these strains were observed (data not shown). A ␤3-galT with a C 14 tract yields a full-length polypeptide, while a C 13 tract yields a truncated product; this is in agreement with the serological data that show that the NCTC 11637 and H111 express H type I, while this epitope is absent in strain H11. These data confirm the role of JHP563 homologues in H type I phase variation and confirm that they encode a ␤3-GalT.
The second class of H type I-negative variants we isolated is exemplified by variant H13, which expresses Le y only. We described variants of the H13 phenotype in a previous paper; this phenotype is due to phase variation in ␤3-GlcNAcT (4).
The third class of H type I-negative variants was exemplified by the two similar yet distinctive strains, H12 and 3a (Table 3) . Both were Le x positive, with a decreased expression of H type I and Le y as compared to NCTC 11637; in addition, 3a expressed Le a/b . A colony blot of strain NCTC 11637 probed with MAb 218/2B3 (anti-Le a/b ) yielded a variant (strain LeA, frequency of variation, 0.6%) with a serotype indistinguishable from that of strain 3a (Table 3 ). This simultaneous loss of H type I and Le y in strain 3a was reversible. An H type I-positive switchback variant (strain 3a1; frequency of variation, 1.0%) with a serotype similar to that of strain NCTC 11637 was isolated from strain 3a by colony blotting after probing with MAb 4D2 (Table 3 ). The simultaneous loss of H type I and Le y can be explained by phase variation in futC, the gene encoding ␣2-FucT (encoded by a homologue of HP093-HP094 of strain 26695). Inactivation of futC in strain NCTC 11637 yielded a mutant (NCTC KO93-KO94) with an LPS phenotype similar to that of strain 3a (Table 3) ; PCR analysis of NCTC 11637 KO93-KO94 (observed product length of 850 bp versus calculated length of 873 bp) demonstrated that the mutation had indeed taken place in futC. We believe that the phenotype of the futC knockout is due to inactivation of futC and not to polar effects, because in both strains 26695 and J99, futC is not in an operon and the genes downstream have an orientation opposite to that of futC. In addition, the genes downstream code for a restriction-modification system, not likely to influence LPS phenotype; finally, the observed phenotype is as expected, since earlier in vitro studies had shown that FutC is able to fucosylate Gal␤1.3GlcNAc to form H type I (22 (22) . The molecular basis of phase variation in futC has already been elucidated (21) and is due to length changes in C tracts, as well as to ribosomal slippage.
Finally, we investigated which gene encodes the ␣4-FucT that is required for biosynthesis of the Le a epitope. Previously, we have shown that two ␣3-FucTs are involved in biosynthesis of Le x (5); the genes encoding the two enzymes are futA and futB. The gene futB is off in NCTC 11637 (5) , and sequencing data showed that this is also the case in strain 3a; both strains have a C 9 tract which leads to biosynthesis of a truncated polypeptide. In contrast, futA is on in both strains (a C 10 tract). We tested the hypothesis that FutA is also involved in Le a biosynthesis and able to transfer fucose to the C 4 position of GlcNAc. PCR analysis of the futA knockout mutant of strain 3a (3a KO379) demonstrated that the mutation had taken place at the intended location (observed product length of 3.2 kb versus calculated length of 3,097 bp). As determined by serology, 3a KO379 indeed lacked Le a and expressed only the nonfucosylated polylactosamine (i-antigen) and H type I. This demonstrated that FutA is both an ␣3-and an ␣4-FucT. These findings extend the recently published data of Rasko et al. (18) that show that also FutB is both an ␣3-and ␣4-FucT.
In summary, we have identified the ␤3-galT gene that is essential for biosynthesis of H type I and Le a and demonstrated that this gene phase varies through DNA slippage in a poly(C) tract. In addition, we have shown that futC and futA are involved not only in biosynthesis of Le x/y but also in that of H type I and Le a . These findings complement earlier studies of phase variation in Le x and Le y (4, 5, 21) and show that H. pylori has a great potential to diversify. The biological role of H. pylori Lewis antigens remains largely unknown. Recent data, however, show that Lewis antigens might be adhesins (12) ; phase variation in LPS might allow attachment and detachment of bacteria by this on-off expression of Lewis antigens and hence facilitate transmission and colonization (7) .
